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We present an experimental and theoretical study of self-diffraction in saturable absorbers, concentrating on the
case of high-intensity beams interfering within the medium. We have observed fourth-order coherent scattering in
DODCI. In our theory, which is not perturbative and is in quantitative agreement with the experiment, high-order
scattering arises from the nonsinusoidal spatial modulation of the population grating.
When two nearly collinear waves (wave vectors ko+
and ko-; see Fig. 1) interfere in a saturable absorber,
new waves are generated in the directions kl+ = 2ko+ -
ko- and ki- = 2k0- - ko+. This phenomenon can be
interpreted either in terms of four-wave mixing
through a third-order nonlinear polarizations'2 or,
equivalently, in terms of self-diffraction through a
population grating induced by the interference field of
the incident waves.3-5
Population gratings have attracted a great deal of
interest recently because of their potential applica-
tions in real-time holography,4 forward-wave phase
conjugation, 6 saturation spectroscopy, 2' 3' 7-10 optical
pulse compressionl and relaxation-time measure-
ments. 5 '8 "11
Most theoretical treatments of nearly collinear wave
mixing have been limited to the cases of either two
weak waves or one strong wave and a weak probe.
From the experimental point of view, however, one is
especially interested in the case of two strong incident
waves, since the intensity of the scattered waves will
be larger and thus easier to detect. In this research we
have investigated, both theoretically and experimen-
tally, the wave-mixing effects in the regime where both
incident waves have intensities comparable with or
greater than the saturation intensity of the medium.
Among the most interesting features of wave mixing
at high intensities is the generation of waves into di-
rections kn' = ko± + n(ko+ - ko), with n = 1, 2, 3, ...
Scattering of order n = 6 has been observed in organic-
dye-saturable absorbers,4 and even higher orders have
been observed in Na vapor6'7 and Ne (Ref. 10) near
resonance. This effect can not be accounted for prop-
erly with just a third-order nonlinear polarization or
with a sinusoidal population grating. Scattering in
order n = 6, for example, is conventionally assumed to
be driven by a 13th-order nonlinear polarization.
We present here a simplified theory of scattering in
intense fields that is in good agreement with our ex-
perimental results. Our approach is nonperturbative
and is based on a Fourier decomposition of the spatial-
ly modulated populations. In the limit of thin sam-
ples with modest depletion of the pumping beams, we
obtain a simple but exact expression for the polariza-
tion that drives any order of the scattering. This
theory predicts a limit to the scattering efficiency for a
given order. In the case of thick samples we derive a
set of coupled equations that accurately describe the
wave-mixing effects taking into account depletion
that is due to absorption and/or strong coupling be-
tween the waves.
Consider two incident plane waves at (angular) fre-
quency co = 27rc/X, with their k vectors making a small
angle 20, as indicated in Fig. 1, and assume that the
waves are mutually coherent, with identical polariza-
tion and equal amplitudes (Eo+ = eo- = Eo). We write
the total field in the medium as
E(r, t) = '/2 E(r)exp(ict) + c.c.,
e(r) = 2 E,(z)cos(n + '/2)t,
n=O
where t = (ko+ - ko-) - r = (47rx/X)sin 0 and En(z) =
En(z)exp(-iISnZ), with n = (XIC) [r)2 -(n + 1/2)2 sin2 0]1/2
(i is a background refractive index) and we assume
that 1En/az <<fnl Enl
Assuming a two-level system model with homoge-
neous broadening for the absorbing molecules, the
steady-state polarization is, in MKS units,6





Fig. 1. Geometry of near-collinear wave mixing. All waves
are TE polarized with k vectors in the xz plane.
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where x is the linear susceptibility associated with the
transition and Is is the saturation intensity of the
absorber.
Consider the population grating that is formed at
the input plane (z = 0) within the cell. For z = 0, Eqs.
(1) can be rewritten as
f(Q) = 1/[1 + S(1 + cos h)], (2)
where S = 21 EoI 2/Is is the saturation parameter at the
interference maxima. The factor f(Q) represents the
fractional population difference of the absorber and
can be Fourier expanded as
A - Z Cn exp(int),
Cn = 21JfQS) exp(-int)d#. (3)
This integral can be solved by using residue calculus in
the complex plane, giving the exact result that
Cn = [(J1 + 2S - 1- S)S]Inl /1 + 2g. (4)
These coefficients result from the nonsinusoidal spa-
tial modulation of the population grating and are re-
lated to high-order nonlinearities in the optical polar-
ization. Substitution of Eqs. (3) into Eqs. (2) yields
P = EOX E (C. + Cn+0 )eO[exp(-ikn+ . r)
+ exp(-ikn -r)]. (5)
Each term in this sum represents a source for a pair of
waves that will emerge from the cell with k vectors
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Fig. 2. Scattered intensity into several orders as a function
of incident intensity (normalized to the saturation intensity
of the absorber). Dashed curves were traced using Eq. (6),
and solid curves were obtained integrating numerically us-
ing Eq. (7), with 20 = 0.80, 1 = 1.36, 1 = 120 Am, and wXl/1ic =
-(1.5)i.
absorption is small, the scattered intensity into this
direction by a cell of length I is (for n > 1)
n | 21
2inc
(Cn + Cn+l ) 2 Io sinc 2[(an - flb)1/ 2 ], (6)
where Io is the intensity of each of the incident waves.
For S << 1, In scales as Io2n+1, as is expected from high-
order perturbation theory. In the other extreme, S
a, the saturable absorber becomes transparent and In
falls to zero as 1/Io. Thus there exists a value of S for
which In is maximum. This is illustrated in Fig. 2 for
n = 1-4.
Let us return now to the general case for which, at z
> 0, the population grating depends on all the generat-
ed waves. If depletion (because of absorption and/or
efficient energy exchange between the waves) cannot
be neglected, we must integrate the wave equation
V2e + (wfl/c)2E =-AO&) 2P,
now allowing for a z dependence in the saturation
parameter S = Ieo(z)12. If ln(z)I << Ieo(z)I(n - 1), we
can expand the nonlinear polarization to first order in
En but retain the effects of EO to all orders of perturba-
tion. With this condition we can again evaluate the
Fourier coefficients exactly, giving the following set of
coupled equations:
2iI3n d e -x(co/c) 2 exp(i'nz)
X (Cn-k + Cn+k+l)Ek + E (Anlk + An+k+l)
_k=0 k=1
X (Ek - EO2ek*/|EoI|2) (7)
where
An = Cn(S - I l1 + 2S)/(1 + 2S).
Our theory holds for any X = x' + ix", including the
pure-phase (I x"I << I x'l) and pure-amplitude (I x'I <<
I x"l) grating cases. A numerical solution of the sys-
tem of Eq. (7) to fourth order self-diffraction and for
x' = 0 is shown in Fig. 2.
An experiment was designed to check the results of
this theory. The saturable absorber chosen was
DODCI (Ref. 12) (10-4 M in ethanol) and we used a
Rhodamine 6G laser pumped by a N2 pulsed laser.
The saturable absorber was placed in a cell of thick-
ness I = 120 ,um giving an (internal) small-signal trans-
mittance of To = 22.5% at the laser wavelength (580.6
nm). The dye-laser pulse width was -3 nsec in dura-
tion, more than twice the excited-state lifetime of the
absorber (T, = 1.2 nsec),12 ensuring that the singlet-
state populations reach -90% of their steady-state
values for a given intensity; yet, during the pulse, the
triplet occupation and photoisomer formation remain
negligibly small.12 The low repetition rate (1-5
pulses/sec) ruled out any possibility of accumulation
of thermal grating effects.4' 5 A 50% beam splitter and
adjustable delay were introduced to provide two co-
herent beams of roughly equal intensities, which were
P = COXAVte
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Fig. 3. Measured energy of scattered pulses versus energy
of the incident pulses. The sizes of the squares indicate the
experimental error. Curves were obtained by integrating
Eq. (7) numerically, with 20 = 0.80, -q = 1.36, cX11/7c = i In To
(To is the small-signal internal transmittance, equal to
22.5%), and Is = 0.34 MW/cm 2.
combined at the focus of a f = 28-cm lens. This gave
4-5 fringes within the spot diameter, for a convergence
angle of 20 0.8 deg.
At the maximum available power of the laser (-1
kW) we could easily discern, with the naked eye, up to
four scattering orders. However, at the highest inten-
sities, a coherent emission from the DODCI at X = 612
nm was stimulated (we return to this observation lat-
er). Since in the presence of stimulated emission the
dye relaxes more rapidly, it was necessary to reduce
the incident intensity to values below the threshold for
DODCI laser action. This limited us to I ' 0.3
MW/cm2 (incident pulse energies < 250 nJ), an inten-
sity at which only diffraction orders of up to n = 2
could be observed reproducibly.
For quantitative measurements of the scattering in-
tensities (actually, the integrated pulse energies) we
used boxcar integrators. Figure 3 shows the measured
energy versus incident pulse energy for n = 1 and n =
2. Each point represents the average of about 20
events. The absolute values of the scales have an
uncertainty of about 30% because of indirect detector
calibration and indeterminacy of the intensities in the
focal region. Our data are rather well fitted by the
numerical solution of Eq. (7) using a saturation inten-
sity Is = 0.34 MW/cm2, in good agreement with the
value calculated using the expression Is = hw/oT1,
where of = 8 X 10-16 cm2 (Ref. 12) is the absorption
cross section.
We mentioned above that, at intensities > 0.3
MW/cm2, the DODCI was driven into oscillation at X
= 612 nm because of feedback from the cell windows.
The most interesting feature here was the fact that the
emission pattern mimicked that of the scattered Rho-
damine laser, indicating that DODCI acts as a coher-
ent phased array of oscillators. To our knowledge this
is the first observation of this effect. Furthermore,
this pattern at 612 nm revealed waves at half-scatter-
ing angles, similar to that reported in Ref. 7 for Na
vapor; this was not observed in the scattering pattern
at 580.6 nm even at the highest power that we could
obtain. This suggests that the origin of the half-angle
waves is stimulated emission along an interference
maximum channel6 and subsequent diffraction in the
population grating. In the case of Na vapor one could
not easily distinguish between emission and scattering
since there is no Stokes shift comparable with that in
dyes.
In conclusion, our simple nonperturbative theory
provides analytic expressions, valid for the case of thin
cells, which accurately describe the scattering process.
The high-order scattering may be interpreted as dif-
fraction from a nonsinusoidal population grating.'0
We believe that this theory may be useful in helping to
understand other nonlinear effects in saturable media;
passive mode locking at large saturation parame-
ters,9"13 saturation spectroscopic techniques,2' 3' 9"10 and
ultrafast relaxation time measurements with transient
gratings 5 "11 are examples.
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